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JET-BOUNDARY CORRECTIONS FOR COMPLETE AND SEMISPAN 
SWEPT WINGS IN CLOSED CIRCUIAR 
WIND TUNNELS 

By James C. Sivells and Rachel M. Salmi 


SUMMARY 


Tables and curves are presented which give values of the induced- 
upwash- velocity factors, due to the jet boundary, at the horizontal 
center .plane of a closed circular wind t unn el and at that of a closed 
bipolar wind-tunnel which is formed when a reflection plane is installed 
in a circular tunnel for testing semispan wings. These velocities have 
been calculated for infinitesimal- span lifting elements located at 
various points in the horizontal center plane. Inasmuch as the lift 
distribution of a wing of any plan form can be built up from the infin- 
itesimal lifting elements, the induced upwash velocities can be obtained 
at any point on the wing or, to a limited extent, ahead of or behind the 
wing. The application of these induced-upwash-velocity factors to the 
determination of the jet-boundary corrections is also discussed. In 
order to facilitate the computations, simplified computing forms are 
presented for evaluating the corrections to the angle of attack and to 
the drag, pitching-moment, rolling-moment, and yawing-moment coef- 
ficients. 


INTRODUCTION 


Wind-tunnel testing of swept wings has considerably increased 
because of the use of such wings for transonic and supersonic aircraft. 
The jet-boundary corrections applicable to the test data on swept wings 
have been difficult to derive inasmuch as the problem is not reducible 
to that of a two-dimensional potential flow as in the case of unswept 
wings. For rectangular tunnels, the method of images can be used as in 
reference 1 for finite-span skewed horseshoe vortices, or as in refer- 
ence 2 for infinitesimal-span lifting elements. For circular tunnels, 
there is no system of images that will satisfy the boundary conditions 
in the vicinity of the model. One method which has been developed for 
circular tunnels is given in reference 3 which follows the ’method of 
reference and makes use of finite-span skewed horseshoe vortices. 
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The results of reference 3, however, have been found to he difficult to 
apply. Accordingly, the method presented herein was developed. This 
method makes use of infinitesimal-span lifting elements and is based 
upon the development given in reference 5* 

For some purposes, such as lateral-control investigations, semi- 
span models are tested with reflection planes in order that larger 
models may be used in existing wind tunnels. Both the model and the 
tunnel are effectively reflected by the reflection plane. When one wall 
of a rectangular tunnel is used as a reflection plane, the effect is 
that of a complete model in a larger tunnel which is still rectangular. 
The corrections for such a configuration axe given in reference 6. When 
a reflection plane is installed in a circular tunnel, however, the 
boundary of the complete tunnel (actual and reflected parts) is no 
longer circular, but consists of two circular arcs, the centers of which 
are equidistant from the reflection plane and on a line perpendicular to 
the reflection plane; this shape of tunnel is designated as bipolar. 

For such a tunnel, no rigorous method is available for determining the 
jet-boundary- induced upwash velocities at every point in the vicinity 
of the model. In the cross-sectional plane containing the infinitesimal 
lifting element, however, the boundary- induced velocities can be obtained 
by the two-dimensional analysis of reference 7* In. order to obtain the 
induced velocities at other points, the assumption is made herein that 
the ratio of the induced velocity at a point in a plane ahead of or 
behind the lifting element to that at a corresponding point In the plane 
of the lifting element is the same in the bipolar tunnel as It is at the 
corresponding spanwise position in a circular tunnel. This assumption 
appears to be valid, at least on the tunnel center line, on the basis of 
comparisons made for tunnels of other shapes. 

In addition to the determination of the jet-boundary-induced veloci- 
ties, the method is presented herein for using these velocities in com- 
puting the corrections to be applied to the test data. Charts and tables 
are presented to simplify the computations and an example is given to 
illustrate their use. For the bipolar tunnel, only one location of the 
reflection plane is considered, but tables are given to facilitate the 
computations for other locations. 

SYMBOLS 


A 



aspect ratio 



wing lift coefficient 

corrected rolling-moment coefficient for complete wing 
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corrected rolling-moment coefficient for semispan wing 

rolling-moment coefficient for semispan wing corrected for 
jet-boundary-induced angle but not for reflection-plane 
effect 

uncorrected rolling-moment coefficient 

jet-boundary correction to drag coefficient 

induced lift coefficient acting on quarter-chord line 

jet-boundary correction to rolling-moment coefficient 

one-half reflection-plane correction to rolling-moment 
coefficient 

pitching-moment coefficient 

correction to pitching-moment coefficient due to distortion 
of spanwise lift distribution 

correction to pitching-moment coefficient due to induced 
camber corresponding to the streamline curvature 

jet-boundary correction to wing pitching-moment coefficient 

additional correction to pitching-moment coefficient due to 
tail 

complete correction to yawing-moment coefficient 
reflection-plane correction to yawing-moment coefficient 


yawing-moment-coefficient correction due to jet-boundary- 
induced aileron upwash and wing- lift distribution 

yawing-moment-coefficient correction due to jet-boundary- 
induced wing upwash and aileron- lift distribution 


j et -boundary- indue e d-upwas h factor 




k 
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induced-upwash' factor due to compensated potential 


-u 


+cr 


-a 


m 


V 


M 

Q 

S 

V 

V* 

Vt 


c 

c 


induced-upwash factor due to uncompensated potential 

Jet-boundary- induced-upwash factor for positive value of a 

Jet-boundary- induced-upwash factor for negative value of cr 

Bessel function of first kind of order m 

first derivative of J m with respect to its argument 

Mach number, ratio of free- stream velocity to sonic velocity 

integral of upwash factor weighted by lift distribution (see 
computing tables) 

area of complete wing 

free-stream velocity 

local velocity in vicinity of wing 

local velocity at tail 

three-dimensional lift-curve slope 

fictitious lift-curve slope for antisymmetrical lift distribu- 

L 


tions 


Va 2 (p 2 + 


\2 + 




— 2 — 

tan A 0.25 / + ^ 

— : ' T 81 


P 2 + tan 2 A Q + 16 


J 


span of complete wing 

section chord 

mean geometric chord (s/b) 

U 

mean aerodynamic chord I — 


>/2 


o 

c dy 


section lift coefficient 
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C *b 


c t 

h 


m 

n 


P 

q. 


r 

8 

t 

w 

v c 

w 0 


x 


X 


0 


section lift coefficient for basic lift distribution 
root chord 

construction tip chord 

t unn el height 

incidence of tail, degrees 

longitudinal distance from one -quarter- chord point on wing 
root chord to three-quarter-chord point on tail root chord 

order of, Bessel function 

factor used in transformation of bipolar tunnel to circular 
tunnel 

longitudinal coordinate of sink: or doublet 
free-stream dynamic pressure (t^) 
dynamic pressure at tail 
tunnel radius 

lateral coordinate of lifting element 

vertical coordinate of lifting element 

jet-boundary-induced upwash velocity 

induced upwash velocity due to compensated potential 

jet-boundary-induced upwash velocity for infinitesimal 
lifting element 

longitudinal coordinate 

longitudinal distance from reference point to pitching- 
moment axis 

longitudinal distance from reference point to centroid of 
induced lift on quarter- chord line 
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y 

^1 


z 

Az 

r 

A 


*0 

*a 

«c 

«u 


a i 

Aa 1 



lateral coordinate 

lateral distance to centroid of induced lift on quarter-chord 
line 

vertical coordinate 

Jet-houndary correction due to wake displacement 
strength of lifting element 
sweep angle 

sweep angle of leading edge of wing 

uncompensated potential pf a unit doublet 

compensated potential of a unit sink 

uncompensated potential of a unit sink 

one-half the induced angle of the wLng wake at infinity, 
radians 

jet-boundary correction to angle of attack, degrees 

additional jet-boundary- induced angle at tail, degrees 

( Ae t - 


5 = \ll - 


7 angle used in transformation of bipolar tunnel to circular 

tunnel, radiahs 

A^_ jet-boundary correction to downwash angle at tail, degrees 

£ nondimens ional vertical coordinate (z/r for circular tunnel) 

T) nondimensional lateral coordinate (y/r for circular tunnel) 

6 angular coordinate, cylindrical coordinate system 

9* angular coordinate of lifting element 

factor in argument of Bessel functions 
taper ratio of wing ( c t/ c s) 


X 
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| nondimensional longitudinal coordinate (x/r) 

p mass density of air 

a nondimensional lateral coordinate of lifting element (s/r 

for circular tunnel) 

T ratio of increment in jet-boundary-induced upwash velocity 

to value at 1=0 

0 C compensated potential for infinitesimal lifting element 

0 U uncompensated potential (circular tunnel) 

0 a additional potential 

0 ’ uncompensated potential (bipolar tunnel) 

a) radial coordinate, cylindrical coordinate system 

oj* radial coordinate of lifting element 

Subscripts: 


0.25 

0.50 

0.75 

t 


value along one -quarter- chord line 
value along half- chord line 
value along three-quarter-chord line 
value for tail 


DETERMINATION OF JBT-BOUEDARY- INDUCED-' VELOCITY FACTORS 
FOR INFINITESIMAL LIFTING ELEMENTS 
Closed Circular Wind Tunnels 


The development given in reference 5 makes use of the "uncompen- 
sated" potential of an infinitesimal lifting element in free air 

and the "compensated" potential 0 C of an infinitesimal lifting ele- 
ment in a wind tunnel. For a closed wind tunnel, the compensated 
potential must satisfy the condition of zero normal velocity at the jet 
boundary. The difference between these potentials 0a = 0c “ 0u I s 
called the additional potential and must be a solution of Laplace's 
equation, must be regular throughout the field of motion, and must 
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vanish at an infinite distance upstream. For a circular tunnel, a 
function satisfying these conditions can he constructed with the aid of 
Bessel functions. 


Another consideration which aids in the computation of the induced 
velocities is the fact, proved in reference 5j that the induced vertical 
velocity at a point (x,y, z) is equal to the difference between the 
value infinitely far downstream, and the value at the point (-x,y, z) . 

In the following derivation, it is convenient to calculate values of 
induced velocity for negative values of x and subtract them from the 
values at infinity to obtain values for positive values of x. 

The coordinate systems used hereinafter are shown in figure 1. The 
infinitesimal lifting element may be considered to be either a U-shaped 
vortex of infinitesimal span parallel to the y-axis with its trailing 
vortices parallel to the x-axis or a semi-infinite doublet line parallel 
to the x-axis with the axes of the doublets parallel to the z-axis. The 
potential of a doublet line may be derived from that of a sink (negative 
source) in the following manner. The uncompensated potential of a unit 
sink located at the point (x=p,y=s, z=t) is given by the equation 


\J (x - p) 2 + (y - s) 2 + (z - t) 2 

The potential of a unit doublet with its axis vertical is obtained by 
differentiating equation (l) with respect to t, 


$ = = z , ~ t 7 (2) 

u 8 t P rn 3/2 

4*[(x - p) 2 + (y - s) 2 + (z - t)J 

The potential of the doublet line of lift pVT ds is obtained by inte- 
grating equation (2) with respect to p and multiplying by T dfl 

P 00 

0 = T ds / $ dp 

U J 0 u 


£ 


u 


r ds z - t 

Vx 2 + (y - s) 2 + (z - t) 2 [\/x 2 + (y - s) 2 + (z - t) 2 - x 


( 3 ) 
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The compensated potential of a sink of strength 4it in a closed 
circular tunnel of radius r is given in reference 5 in cylindrical 
coordinates x, ca, and 0 where y = a> cos 6 , z = as sin 9 , 
b = cd' cob 9 and t = oi'sin 9'. The compensated potential of a unit 
sink is given by the equation 


ft 


c 


is- JI'Xcob m(9 - a .)e- lt ° (p - x) ■ ■ - 


nr 2 


m 


1 “ M 


P - x 
2«r2 

00 


where the J terms are Bessel functions of the first kind of order m. 
m 

The summation with respect to m extends over all positive integers; 
the prime added to the 21 sign indicates that a factor of l/2 must he 
inserted before the term corresponding to m = 0. The summation with 
respect to s for every m extends over all positive roots of the 
equation 


V(V) - 0 


where J m , ( K s r ) i s the derivative of the function J m ( K s r ) with respect 
to its argument. Equation (4) is valid only for positive valueB of 
p - x so that it is valid for p = 0 and the negative values of x as 
used hereinafter. 

i 

By differentiating expression (*0 with respect to t as in equa- 
tion (2) and integrating with respect to p from 0 to 00 as in equa- 
tion (3), the compensated potential of the doublet line is obtained for 
0 1 = 0, (i)' = a, t = 0, as 



The vertical velocity corresponding to the compensated potential is 
obtained by differentiating 0 C with respect to z. For the condition 
0 = 0, o> = y, z = 0, the vertical velocity is 
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Using the substitution 


F C = 


itr 


•V 


CT = f ; T = £; and 


r-> 


_ y 


r as 


and the nonfll mens ional coordinates 


r' 


| = p yields the equation 


F = y y m2 Jm( K s^) J m( K s rg ) ( 

m 8 ( K s 2r2 " ^ ff |fm(' e s r j | 2 

The corresponding vertical-velocity factor for the uncompensated 
potential is found by differentiating equation (3) with respect to z. 
For the condition z = 0, t = 0, 


F = 


h\ji 


i 2 + (t] - a)‘ 


ft 


(t) - a) 2 - 6 



The induced-vertical- velocity factor due to the jet boundary is the 
difference between that for the compensated potential and that for the 
uncompensated potential; that is, 

F = F c - F u (9) 


Equations (7) and (8) are used only for negative values of £ . Both 
equations become infinite for | = 0 and q = a but their difference, 
equation (9), is finite and equal to one-half the value at infinity 
(reference 5), which value is easily obtained as 



1 

4(1 - qc r) 2 


( 10 ) 


Values of F for positive values of | are then obtained by the 
aforementioned relationship 


F £>0 2 Vo " F £<0 


(ID 


Equations (7) to (ll) have been evaluated over a range of | from 
-2.0 to 2.0, a from -0.9 to 0.9, and q 'from 0 to 0.9, and the values 
of F are presented in table I. In evaluating equation (7), values of 
m up to 26 and s up to l6 were used where necessary to obtain con- 
vergence of the series to the desired number of decimal places. For 
I = -0.2 and | cr I and q greater than 0.5, however, convergence was 
not obtained and the values of F given were interpolated. The values, 
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of the Bessel functions used in equation ( 7 ) were obtained from 
reference 8. 

For convenience in using the values of F as described herein- 
after, the values of F were plotted against £ and cr, and values of 
§ and cr for constant values of F were obtained for the construction 
of the contours presented in figure 2. Values of F for negative 
values of tj can be obtained by changing the sign of cr. 


Closed Bipolar Wind Tunnels 

When a reflection plane is installed in a circular wind tunnel for 
tests of semispan wings , the tunnel, as well as the model, is reflected. 
The complete tunnel, composed of that part of the circular tunnel con- 
taining the model and the reflected part containing the reflection of 
the model, becomes one of bipolar cross section as illustrated in fig- 
ure 3. Wo rigorous method is available for determining the jet- 
boundary-induced velocities in a bipolar tunnel except at infinity, 
where the two-dimensional transformation of reference 7 can be used or 
in the plane x = 0, where the values of the induced vertical veloci- 
ties are one-half the values at infinity. The assumption is therefore 
made herein that T, the ratio of the increment in induced vertical 
velocity at any value of £ = ^ to the value for £ = 0, is the same 
in the bipolar tunnel as it is in a circular tunnel for corresponding 
spanwise locations of the lifting element and the point at which the 
velocity is to be determined (where correspondence is determined by the 
conformal transformation of the circular to the bipolar shape). This 
assumption is believed to be approximately correct from a consideration 
of the results in reference 4 for circular and elliptic tunnels. When 
the values of r for each shape of tunnel are plotted as a function of 
2x/h, good agreement is obtained, as shown in figure 4 , along the longi- 
tudinal center line when the lifting element is located at the center 
of the tunnel. Similar agreement is indicated in reference 4 for other 
positions of the lifting element. Inasmuch as no transformation of 
position i6 necessary on the center line, comparisons can also be made 
with the values of t for rectangular tunnels as shown in figure 4. 

The maximum increase in t for the 2:1 tunnel over that of the square 
tunnel is about 20 percent. The maximum breadth-height ratio for a 
bipolar tunnel is 2:1, so that errors of the order of 20 percent may be 
involved in the aformentioned assumption. Such errors in the values 
of r, however, would cause much smaller errors in the final jet- 
boundary corrections. Since the height of a bipolar tunnel i s the same 
as that of the circular tunnel, it is assumed that the coordinate 
£ = y 3- s 4he same for either tunnel. The other coordinates are indi- 
cated in figure 3 which represents the cross section of the bipolar 
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tunnel and the unit circle into which it is transformed infinitely far 
downstream where the two-dimensional conformal transformation is valid. 

The transformation of reference 7 may he expressed as 

tan“^(Tj + i£) = n tan - ' 1 ' — — — ( 12 ) 

r sin 7 


where 


n 



The distance t] on the r]-axis that corresponds to the distance y on 
the y-axis may he obtained by the relation 

tan -1 ri = n tan -1 ^ ( 13 ) 

1 r sin 7 ' ' ' 

Similarly, 

tanker = n tan - " 1 " (l4) 

r sin 7 


The vortices due to an infinitesimal lifting element are of the same 
strength in each tunnel, but the distance ds between them in the 
bipolar tunnel is transformed to the distance da in the circular 
tunnel where 


da 


n(l + a^)ds 


r sin 7 1 + 


__§! — \ 

r^sin^V J 


(15) 


Although the reflection plane imposes the condition of symmetry 
about the vertical axis, it is convenient to calculate the induced 
velocities for positive s/r and later to add the velocities for nega- 
tive s/r to obtain the symmetrical case. The uncompensated potential 
in the circular tunnel is 



T da £ 


2n 


Ol - a ) 2 + i 2 


(16) 


The additional potential necessary to compensate for the 
boundary of the circular tunnel is due to Im age vortices 
and may be expressed as 


effects of the 
located at i 
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4-^5 (17) 

(1 - r)cr) + a £ 

The sum of equations (l6) and (17) is the compensated potential in 
either the circular tunnel or the bipolar tunnel. The uncompensated 
potential in the bipolar tunnel is 


0u f = 


r ds 

2rt 


(y - s) + 


( 18 ) 


The additional potential necessary to compensate for the effects of the 
boundary of the bipolar tunnel becomes 


t - 

2* 

(19) 


0C -0u 


dg 

ds 


(il 


a) 2 + 5 2 


(1 


r dcr 

& ds 

tin) 2 + 


A’ 


/ s2 , 2 

(y - s) + z 


The vertical velocity in the plane 5=0 is 


1 a(i<c - flu') 

2 8z 


which, for z = 0, is obtained as 


v 0 = 



85 da 

r ds 

8z ds 

4k 

_C*n - a ) 2 


85 da 

8z dg 


> 2 (y - s) 2 


or 


5=0 


^2 85 da 85 da 

8z ds 8z ds 


(tj - o-) 2 (l - tja) 2 


(5 - f 


da 


where is given by equation (15) and 

ds 


( 20 ) 


( 21 ) 
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<$z 




r sin 7 1 + 


y 2 

r^sin ^7y 


( 22 ) 


Equation (21) becomes indeterminate at the points y 
but may be evaluated as 


= s or q = a 


F ■ = — 

1=0, y=s 4 


2 d£ 

Sz ds (^- ~ a) 


(1 - ucr) 3 gln 2 7 ^ + _yL_j 2 


If r is defined as 


(23) 


r .fk2 _ 1 

F |=0 


(24a) 


or 


T = 1 - 


-|<o 

? s=0 


(2to) 


values of T may be determined for a circular tunnel from the values 
of F in table I. The values of T are assumed to be the same for a 
bipolar tunnel as for a circular tunnel. Equations (24) may also be 
used to determine values of F for the bipolar tunnel from the corre- 
sponding values of F|_q. Values of t are presented in table II for 
the symmetrical condition obtained by adding the values of F from 
table I for positive a to the corresponding values for negative a. 
Values of F^_q from equations (21) and (23) must be obtained for the 
same values of q and a for which t is obtained. The corresponding 
values of y/r and s/r are obtained from equations (13) and (l4) and 
the values of F^_q for positive s/r are added to the corresponding 
values for negative s/r for the symmetrical condition. Contour plots 
of F obtained in this manner are presented in figure 5 for a position 
of the reflection plane equal to 0.4978lr from the center line of a 
circular tunnel, corresponding to one of the values of reference 7. 
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DETERMINATION OF JET-BOUNDARY CORRECTIONS 
Determination of Induced-Angle Distributions for Finite-Span Wing 


The derivation of the jet-boundary corrections for swept wings 
follows, in many respects, that of reference J which is limited to 
unswept wings. The method of reference 7 was based upon the use of 
finite-span horseshoe vortices and necessitated that the spanwise lift 
distribution of the wing be broken into finite steps. Inasmuch as the 
method used herein is based upon the use of infinitesimal lifting ele- 
ments, the jet-boundary-induced upwash angle, in radians, at any point 
on the model can be obtained by the relation 


w _ 
V 



(25) 


where the values of F are obtained from figure 2 or 5- The values 
of 5, ri, and a (or £, y/r, and s/r) are so selected that the 
lifting element is located at the point where the lift is assumed to be 
acting, usually along the one-quarter-chord line of the wing. 


If the spanwise lift distribution is symmetrical, equation (25) 
becomes, for the additional lift distribution, ' 




and, for the basic lift distribution. 



( 26 a) 


( 26 b) 


For convenience, -figure 6, taken from reference 9, 
for obtaining the additional loading coefficient 

c 7-jC 

tion (26a). The basic loading coefficient — =— 


is presented herein 


2l C 

C T c 


— for use in equa- 


for twist due to 


c 

aerodynamic washout or the deflection of partial- span flaps may be 
obtained by the approximate method of reference 10 or by the method of 
reference 9- The induced upwash angle given by equation (26b) is 
independent of lift coefficient and is usually small enough to be 
neglected. ^ 
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If the spanwlse lift distritrution is 
aileron deflection, equation (25) becomes 


anti symmetrical, due to 



_s_ f 1 hi ( P 

W 5 Jo CjH ^ « 



(27) 


For the reflection-plane condition, deflection of the ailerons produces 
a symmetrical lift distribution as if both ailerons of a complete wing 
were deflected in the same direction. For thiB case 


w 



j.r 

bitr 2 JO 


hi (F 
C 7 c ' ' 


+cr 



( 28 ) 


The 


hi 

C 2 c 

reference 


distributions may be obtained by the approximate method of 
10 or by the method of reference 11. 


Compressibility Effects 

First-order compressibility effects on the induced velocities and 
subsequent corrections can be readily taken into account by considering 
an equivalent wing in incompressible flow instead of the actual wing in 
compressible flow. The equivalent wing is obtained by multiplying all 

chordwise dimensions by ^ - = — according to the Glauert-Prandtl 

Vl - P 

transformation. The aspect ratio of the equivalent wing then becomes 
equal to PA and the tangents of the sweep angles of the equivalent 

wing are 'j=- times the tangents for the actual wing. Accordingly, in 

obtaining the values of F for use in equations (25) to (28), the 
values of | must be increased by the factor i. In these equations 

and subsequent ones, the lift distributions used should be those for 
the equivalent wing. Except for these modifications, the jet-boundary 
corrections are calculated for high- subsonic speeds (subcritical) in 
the same manner as for incompressible flow. 


Derivations of Corrections 

Angle of attack .- The jet-boundary correction to the angle of 
attack is due to the induced upwash angle at the three-quarter-chord 
line of the wing. In the vicinity of the wing, the induced upwash 
angle varies approximately linearly in the chordwise direction so that 
an effective camber of the circular-arc type is introduced by the jet 
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boundary. According to thin- airfoil theory the effective angle of 
attack for an airfoil -with circular- arc camber is the angle at the 
three-quarter-chord point. The induced upvash angle at each point 
along the three-quarter-chord line is obtained according to equa- 
tions (2 6 ). In order to obtain an average induced angle, -which is the 
angle-of-attack correction, the local induced angle must be weighted 
according to the additional loading coefficient and then integrated 
along the span. This averaging procedure is proved in reference 10 
for unswept wings and is at least approximately correct for swept wings 
also. For that part of the induced angle obtained' by equation (26a), 
the angle-of-attack correction is given by the equation 



The part of the induced angle obtained according to equation (26b) can 
be averaged in the same manner but the correction so determined is usu- 
ally negligible. 

The angle-of-attack correction obtained by equation (29) is added 
to the uncorrected or geometric angle of attack of the model. 

Drag coefficient .- The jet-boundary correction to the drag coef- 
ficient is due to the inclination of the lift force by the induced 
upwash angle at the one-quarter-chord point. The correction to be 
added to the drag coefficient is the product of the lift coefficient 
and the average angle, in radians, along the one- quarter- chord line, 
or 



(30) 


Wing pitching-moment coefficient .— A circularly cambered airfoil 
experiences (a) a lift, the centroid of which is at the one-quarter- 
chord point and the magnitude of which is given by the airfoil slope 
at the three- quarter-chord point, and (b) a pure couple, the magnitude 
of which is given by the camber. The jet-boundary correction to the 
swept-wing pitching-moment coefficient may be correspondingly con- 
sidered as (a) the moment resulting from the outward shift in the span- 
wise center of lift caused by the induced washin along the three- 
quarter-chord line (this effect influences the pitching moment only for 
a swept wing) and (b) the couple due to the induced camber corre- 
sponding to the streamline curvature. The first correction may be 
determined by first determining the lift increment associated with the 
induced angle along the three-quarter-chord line 
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AC T 


57.3aC L 





(31) 


and then determining the lateral center of pressure for this AC Ll 


36. -48a 

2y l w A P fll 2y d /2y\ 
h ^ + 36. 48a J 0 C l c h \b / 

A 

57- 3aC L 

^1 f 1 f v ) C * C 2y ,,/2y\ 

n , 36.48a n [VCj C T c b \b ) 

1 + V L /0. 75 

A 


(32) 


which makes use of the approximation derived in reference 10 for the 
moment of the lift distribution due to twist. The longitudinal 
distance of this center of pressure x-j_ can then be found from the 
wing geometry. Thus, if the root end of the one-quarter-chord line is 
used as a reference point. 


^1 = £^1 

c’ b 


— tan A 
2 c » 


0.25 


(33) 


and the corresponding pitching-moment increment is 



ACt -V- -y- 

bj Z 1 ~ *0 

b aCj, c 1 


The correction 




due to the couple is 


(34) 






(35) 


The total correction to the pitching-moment coefficient which is added 
to the uncorrected value is 


ACmj — ACjj^ + ACjjj^ 


(36) 
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Downwash angle . - For downwash surveys behind a wing, jet-boundary 
corrections must be applied to the measured dowrtwash angles. The jet- 
boundary- induced upwash angle at any point in the horizontal center 
plane is found from equations (26) for which the lifting elements are 
located along the quarter-chord line of the wing and the additional 
lift distribution of the wing is used. For a specific tail location, 
the induced-upwash-angle distribution is found along the three- quarter- 
chord line of the tail and the average angle is obtained by the equa- 
tion 


A6 t = 57*3 C l 




V f c l c ' 



(37) 


V -i 

where — is found from the air-flow surveys as This angle is 

V t 

added to the average downwash measured by the air-flow surveys. 

Wake displacement .- A jet-boundary correction must be applied to 
each vertical distance at which the downwash angle and dynamic pressure 
are measured by air-flow surveys in the tunnel. Longitudinal distribu- 
tions of the induced upwash angle are obtained from equations (26) and 
the correction to the vertical distance is given by the equation 



where the integration is performed from the trailing edge of the wing 
to the point at which the measurements are made. 

Pitching-moment coefficient (model with horizontal tail) .- For a 
complete model with a horizontal tail, an additional jet-boundary 
correction must be applied to the pitching-moment coefficient because 
of the difference between the induced upwash angle at the tail and 
that at the wing. The additional induced angle at the tail is given 
by the equation 

Ax,. = Ae t - Actj (39) 

The additional jet-boundary correction, which is added to the previ- 
ously corrected pitching-moment coefficient is given by the equation 
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■where 


££m 

dij. 


is the experimentally determined variation of pitching- 


moment coefficient with tail incidence. 


Rolling-moment coefficient (circular tunnel) .- The jet-houndary 
correction to the rolling-moment coefficient is the moment of the 
increment in the aileron lift distribution due to the induced upwash 
angle. For a circular tunnel this increment is antisymmetrical in the 
same manner as the lift distribution due to the deflected ailerons and 
its rolling-moment coefficient is given by the equation, based on the 
approximation of reference 10, 


AC 7 



c l c 2y d /2y' 


^ 0.75 C L C 


\ b 


(41) 


where ( — — i is obtained by means of equation (27) . The corrected 

V VC Z/O-75 

value of the rolling-moment coefficient is 



(42) 


Inasmuch as the correction is proportional to the measured rolling- 
moment coefficient, the same correction applies where only one aileron 
is deflected as well as where both ailerons are deflected, one up and 
one down. 


Rolling-moment coefficient (bipolar tunnel) .- Because of the 
symmetry imposed by the reflection plane for a semiTspan model, the 
increment in the aileron lift distribution, due to the induced upwash 
angle, is symmetrical. The rolling-moment coefficient of this incre- 
ment is given by the equation 



which is also based upon the approximation of reference 10. 
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In addition to the jet -boundary correction, a reflection-plane 
correction must be applied to the rolling-moment coefficient for a 

C 2 

semi span model. This reflection-plane correction 7r - £- is independent 

C 2 S 

of the shape of the tunnel and is equal to the ratio of the rolling- 
moment coefficient per unit aileron deflection for a complete -wing 
(antisymmetrical lift distribution) to that for a semispan model 
(symmetrical lift distribution). The reciprocal of this correction 

2 AC 2 

was first given for unsvept wings in reference 12 as 1 + — and 

C7 

4 C 

may be also found in reference 7- The validity of the use of the 
unswept-wing values for swept wings has not been substantiated. 

The completely corrected value of the rolling-moment coefficient 
is 


C 


*c 






Yawing-moment coefficient (circular tunnel) . - The Jet-boundary 
corrections to the yawing-moment coefficient are defined as in 
reference 7 and are due to the Interaction of the wing and aileron 
lift and induced-upwash-angle distributions. The equations for these 
corrections are 





" w \ c l c 2y 

VC 7 ) C T c b 

k VO. 25 L 



C Z C 2y 
C z c B 



m 

(h6) 


2 

Theoretically, an additional correction, proportional to C ^ and due 

to the aileron lift and induced upwash angle, should be applied. This 
correction is usually negligible. The complete correction to be’ added 
to the uncorrected yawing-moment coefficient is 


AC n 



+ AC r 


(vn 


or, in terms of the corrected rolling-moment coefficient. 
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ACt 


c c 


= 


_ -j C T C 7 

L^u L u 


AC- 


C L C Z 


m 


1 + 


“u 


Yawl n g -moment coefficient (bipolar tunnel ) . - For a ‘bipolar tunnel, 
equations (V?) and (^-6) become 


and 




C Z C 2y d /2y\ 
C L c b Vb / 




C Z C 2y 

VCr _ C 7 c 1 
V L / 0.25 1 



(k9) 


( 50 ) 


In addition to the jet-boundary corrections, a reflection-plane 
correction must be applied to the yawing-moment coefficient for a semi- 
span model. This reflection-plane correction is independent of 

the shape of the tunnel and is equal to the difference between the self 
induced yawing-moment coefficient per unit aileron deflection for a 
complete wing (antisymmetrical aileron distributions) and that for a 
complete wing (symmetrical aileron distributions) for the same lift 
coefficient. This correction was first given for unswept wings in, 
reference 12 and reproduced in reference As in the case of the 
reflection-plane correction for rolling-moment coefficient, the valid- 
ity of the use of the unswept-wing values for swept wings has not been 
substantiated. The equation for ACn^ is 



where Cj is used to identify the distributions of lift and induced 
nnglp (in C radians) for a complete model and C is used to identify 
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those for a semispan model. The method of reference 13 can he used to 
determine ctq from the spanwise lift distributions of swept wings even 
though this method was developed for unswept wings. 

The complete correction to be added to the uncorrected yawing- 
moment coefficient is 


^n = ^ + ^n 2 + *>n (52) 

or, in terms of the corrected rolling-moment coefficient. 



rLUJSTRATIVE EXAMPLE 


In order to illustrate the procedure involved in the computation 
of the jet-boundary corrections, the corrections for a complete model 
in a circular tunnel are now determined. The determination of the 
corrections for a semispan model in a bipolar tunnel would be very 
similar except for the corrections to the rolling- and yawing-moment * : 
coefficients where equations (43), (49), and (50) must be. used instead 
of equations (4l), (4-5) , and (46) and for the corrections to the 
rolling-moment and yawing-moment coefficients due to the reflection 
plane. 

For the example illustrated, the wing had a leadlhg-edge sweepbacJc 
of 47.72°, an aspect ratio of 5.H, and a taper ratio of O.383 and the 
tail had a sweepbadk of 44.29° at the quarter-chord line, an aspect 
ratio of 4.01, and a taper ratio of 0.625 and was located with respect 
to the wing so that the distance between the one -quarter- chord point of 
the wing root chord and the three-quarter-chord point- -of the tail root 
chord was 0.787 times the tunnel radius. The constants used in the 
computations are given in table in. 
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In all the computations involving integrations, numerical integra- 
tion is used. The integrating multipliers at the four spanwise stations 
used were determined by means of an application of Simpson's (parabolic) 
rule in the same manner as that described in reference 13. The four 
spanwise stations are those for which the values of loading coefficient 
are given in figure 6 and are equally spaced with respect to the angle 

cos -1 The symmetrical lift distributions for the wing and tail 

were obtained from figure 6 and the antisymmetries! lift distribution 
for the wing with deflected ailerons was obtained by the approximate 
method of reference 10. 


Computation of Jet-Boundary-Induced Angle 

Tables IV to IX present the computation of the jet-boundary- 
induc e d- angle distributions along the one -quarter-chord line of the 
wing, along the three-quarter- chord line of the wing, and along the 
three -quarter-chord line of the tail. In table IV, the values of a 
correspond to the spanwise stations at which the values of the loading 
coefficient are obtained frem figure 6. For each combination of a 
and t), the values of g are determined by the equations given at the 
bottom of table IV and the corresponding values of F are obtained 
from figure 2 and tabulated in table IV. In tables V to VII, the 
values of F for negative cr. are added to the vailues for positive o 
and the values of are obtained according to equation ( 26 a). 

Table V is for the on£~quarter-chord line of the wing, table VI is for 
the three -quarter-chord line of the wing, and table VII is for the 
three-quarter-chord line of the tail. The values of thus obtained 

T| ^ 2v 

are plotted in figure 7 as a function of which is equal to 

In table VIII and IX, the values of F for negative a are subtracted 

from the values for positive a and the values of are obtained 

V 

according to equation (27). Table VTII is for the one-quarter-chord 
line of the wing and table IX is for the three-quarter-chord line. The 
values of thus obtained are plotted in figure 8. 

Computation of Jet-Boundary Corrections 

Angle of attack and drag coefficient. - Table X presents the compu- 
tation of the jet-boundary corrections to the angle of attack and to 
the drag coefficient according to equations ( 29 ) and (30), respectively. 

For this table, the values of are read from figure 7 at each of 

VC L 

the spanwise stations for which values of the loading coefficient have 
been obtained. 
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Pitching-moment coefficient .- Table XI presents the computation of 
the jet-houndary correction to the pitching-moment coefficient for the 
wing-alone case according to equation (36). The values of 

V VUL / 0.75 

an( i ( - v ~ \ _ ( — 5L_ \ are obtained from the values given in 

\ vc L/0.75 " /Cl ^o.25 2 

table X. Values of AC T . ^=, and ^ are obtained according to equa- 

^1 b c y 

tions (31) and (33), respectively. The value of is given and the 

value of AC m can be obtained according to equation (34). For the 
1 

purpose of determining this correction, the experimental value of the 
wing lift-curve slope a should be used. Sufficient accuracy is 
obtained, however, by using the approximate value of a as given by the 
equation 


a ** 


2 + 



0.1097A 

+ tan^Q^^) + 4 


(54) 


which includes the edge-velocity factor as used in reference 10 for 
symmetrical lift distributions, but modified for compressibility 
effects. The value of ACmg is given by equation (35). 

Table XII presents the computation of the jet-boundary correction 
to the downwash angle according to equation (37) and the additional 
correction to the pitching-moment coefficient for the wing-plus -tail 
configuration according to equations (39) and (4o). 

Rolling-moment and yawing-moment coefficients .- Table XIII presents 
the computation of the jet-boundary corrections to the rolling-moment 
coefficient according to equations (4l) and (42) and to the yawing- 
moment coefficient according to equations (45) to (48) . The approxi- 
mate value of a' given by the equation 


a’ 


0.1097A 


2 + 

is used in equation (4l). 


■f '/a 2 (p 2 + tan 2 


(55) 


*0.25) 


+ 16 


For a semispan model in a bipolar tunnel, the moment multipliers 
in column (10) must be divided by 2 to take into account the different 
constants in the denominators of the equations for ACj^, ACq^, 

and AC n ^. Furthermore, equation (43) must be used instead of equa- 
tion (4l) and the reflection-plane corrections must be added. 
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CONCLUDING REMARKS 


A method is presented for determining the jet-boundary corrections 
to he applied to test data for complete and semi span swept wings in 
closed circular wind tunnels. The corrections for angle of attack and 
for drag, pitching-moment, rolling-moment, and yawing-moment coef- 
ficients are Il lustrated in detail in simplified computing forms. 


Langley Aeronautical Laboratory 

National Advisory Committee for Aeronautics 
Langley Field, Va. , March 21, 1951 
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TABLE I.- BODEBARY-INBUCEEUUWASH FACTOR, F 


AT POIUTS (£,tj) DOE TO 


INFISTTE3IMAL LOTTffG ELStQJTS LOCATED AT POEHTS 


(0,d) 


(a) ti = 0 


ft 

F 

5 

cr = - 0.9 

cr “ - 0. 8 

cr = -0. 7 

a = -0. 5 

a = - 0.2 

CT a 0 

a *» 0.2 

a ° 0.5 

.0 = 0.7 

cr ■= 0. 8 

cr = 0.9 

- 2.0 

-0.0079 

-0.0070 

-0.0062 

-0. 0049 

-0.0036 

-0.0034 

- 0.0036 

-0.0049 

- 0.0062 

- 0.0070 

-0.0079 

- 1.8 

-.0062 

-.0050 

-.0040 

-.0022 

-.0007 
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-.0050 

-.0062 
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-.0015 

.0001 

.0016 
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.0062 
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.0040 
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.0001 
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-l.l). 
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.0083 

.0103 

.0136 

.0165 

.0170 
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.0103 

.0083 

.0060 

- 1.2 

.0176 

.0206 

.0233 

.0275 

.0312 

.0319 
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.0275 

.0233 

.0206 

.0176 

- 1.0 

.0348 

.0386 

.0419 

.0471 

.0515 

.0523 

.0515 

.0471 

.o4i9 

.0386 

.0348 

-.8 

.0594 

.0639 
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.0735 

.0784 

.0793 

.0784 

.0735 

.0677 

.0639 

.0594 

-.6 

.0932 

.0979 

. .1018 

.1077 

.1124 

.1133 

.1124 

.1077 

.1018 

.0979 

.0932 

-.4 

.1373 

.1414 

.1447 

.1496 

.1535 

.1542 

-1535 

.1496 

.1447 

.1414 

.1373 

-.2 

.1908 

• 1932 

.1951 

.1980 

.2001 

.2007 

.2001 

.1980 

.1951 

.1932 

.1908 

0 

.2500 

.2500 

.2500 

.2500 

.2500 

.2500 

.2500 

.2500 

.2500 

.2500 

.2500 

.2 

.3092 

.3068 

.3049 

,3020 

.2999 

•2993 

.2999 

.3020 

.3049 

.3068 

.3092 

.4 

.3627 

.3586 

.3553 

.3504 

.3465 

.3458 

.3465 

.3504 

.3553 

.3586 

.3627 

. 6 

.4068 

.4021 

.3982 

.3923 

.3876 

.3867 

.3876 

.3923 

.3982 

.4021 

.4068 

.8 

.4406 

.4361 

.4323 

.4265 

.4216 

.4207 

.4216 

.4265 

.4323 

.4361 

.4406 

1.0 

.4652 

.4614 

.4581 

.4529 

.4485 

.4477 

.4485 

.4529 

.4581 

.4614 

.4652 

1.2 

.4824 

.4794 

.4767 

.4725 

.4688 

.4681 

.4688 

.4725 

.4767 

.4794 

.4824 

1.4 

.4940 

.4917 

.4897 

.4864 

.4835 

.4830 

.4835 

.4864 

.4897 

.4917 

.4940 

i.£ 

. '501 ^ 

. 40QP 

koAk 

r 4o6o 

. 4938 

. 4<?34 

. kOgA 

. 4 o 6 n 

koAk 

.IlQOQ 

_ 5015 

1.8 

.5062 

.5050 

.5040 

.5022 

.5007 

.5003 

• 5007 

.5022 

.5040 

.5050 

.5062 

2.0 

.5079 

.5070 

.5062 

• 5049 

.5036 

.5034 

.5036 

.5049 

.5062 

.5070 

.5079 
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TABLE I.- BOUKDAOT-imJCED-UPWASH FACTOR F - Continued 

(b) Tj = 0.2 


F 


= -0.9 

0 = -0.8 

0 = -0. 7 

o = -0.5 

a = -0.2 

ff - 0 

0 0 0.2 

a «• 0. 5 

0 = 0.7 

CO 

6 

a 

o=0.9 

-0.0074 

-O.OO67 

-0.0060 

-0.0048 

-O.OO38 

-0. 0036 

-o.oo4o 

-0.0054 

-0.0069 

-0.0078 

-0.0088 

-.0058 

-.0048 

-.0039 

-.0024 

-.0009 

-.0007 

-.0010 

-.0027 

-.0046 

-.0058 

-.0071 

-.0015 

-.0001 

.0012 

.0034 

.0056 

.0062 

.0060 

.0038 

.0013 

-.0004 

-.0022 

.0051 

.0071 

.0090 

.0121 

.0154 

.0165 

.0164 

.0140 

.0107 

.0085 

.0059 

.0150 

.0177 

.0202 

.0246 

.0294 

.0312 

.0317 

.0293 

.0253 

.0225 

.0192 

.0291 

.0326 

.0358 

.0417 

.0484 

.0515 

.0530 

.0516 

.0474 

.o44i 

.o4oo 

.0463 

.0526 

.0567 

.0642 

.0735 

.0784 

.0817 

.0827 

.0794 

.0763 

.0718 

.0734 

.0785 

.0834 

.0927 

.1051 

.1124 

.1186 

.1244 

.1243 

.1224 

.1190 

.1044 

.1101 

.1157 

.1267 

.1429 

.1535 

.1636 

.1773 

.1836 

.1853 

.1854 

-.1397 

.1473 

.1526 

.1672 

.1854 

.2001 

.2151 

.2418 

.2566 

.2652 

.2726 

.1795 

.1858 

.1924 

.2066 

.2311 

.2500 

.2713 

.3086 

.3380 

• 3543 

.3718 

,2194 

.2243 

.2321 

.2461 

.2769 

.2999 

• 3275 

.3755 

.4195 

.4434 

.4710 

.2547 

.2615 

.2690 

.2865 

.3194 

• 3465 

.3789 

.44oo 

.4924 

.5233 

.5582 

.2857 

.2931 

.3013 

.3206 

.3572 

.3876 

.4240 

.4929 

• 5517 

.5862 

.6246 

.3108 

.3189 

.3280 

.3490 

.3887 

.4216 

.4609 

.5346 

.5966 

.6324 

.6718 

.3300 

.3390 

.3489 

.3716 

.4138 

.4485 

.4896 

.5657 

.6287 

.6645 

.7036 

.3441 

.3539 

.3645 

.3887 

.4329 

.4688 

.5109 

.5880 

.6507 

.6861 

.7244 

• 3539 

.3645 

.3758 

.4ou 

.4469 

.4835 

.5261 

.6033 
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.7001 

• 73T7 

.3606 

.3717 

• 3835 

.4098 

.4566 

.4938 

.5366 

.6134 

.6748 

.7090 

.7458 

.3649 

.3764 

.3887 

.4156 

.4632 

• 5007 

.5435 

.6200 

.6807 

.7144 

.7507 

.3665 

.3782 

.3907 

• 4l8o 

.4661 

.5036 

.5465 

.6227 

.6829 

.7164 

.7524 
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(c) n - 0.5 


i 

F 
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.0546 
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.0346 

.0385 

.0425 
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.0735 
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.0518 
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.0620 

.0732 

.0927 

.1077 

.1244 
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.1651 
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.0847 

.0994 
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.4444 
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.1439 

.1535 

.1638 

.1913 

.2461 

.3020 

• 3755 

>5593 

.7687 

.9205 

1.1249 

.4 

.1659 

.1770 

.1897 

.2206 

.2865 

.3504 

.4400 

.6594 

• 9135 

I.0991 

1.3461 

.6 

.i860 

.1983 

.2124 

.2468 

.3206 

.3923 

.4929 

.7382 

1.0184 

1.2199 

i.484o 

.8 

.2032 

.2166 

.2318 

.2691 

.3490 

.4265 

,5346 

.7952 

I.0877 

1.2951 

1.5639 

1.0 

.2169 

.2312 

.2475 

.2871 

.3716 

.4529 

.5657 

.8343 

1. 1314 

1.3402 

l. 6093 

1.2 

.2273 

.2424 

.2595 

.3010 

.3887 

.4725 

.5880 

.8601 

1.1584 

1.3671 

1.6352 

1.4 

.2350 

.2507 

.2684 

.3113 

.4on 

.4864 

.6033 

.8768 

1. 1749 

■ 1.3829 

1.6499 

1.6 

.2403 

.2565 

.2747 

• 3186 

.4098 

,4960 

.6134 

.8872 

1.1847 

1.3920 

1.6582 

1,8 

.2439 

.2604 

.2790 

.3235 

.4156 

.5015 

.6200 

.8935 

1.1903 

1.3971 

1.6627 

2.0 

.'c; 4 p 2 

.2619 

.wf 

• 32 ?? 

.4180 


, «?27 

.8960 

x. i.yd.3 

x.3988 

176640 
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TABLE I.- BOOTOAEY-mDUCED-UFWASH FACTOR F - Continued ' 


(d) T) = 0.7 


5 

F 

<J = - 0.9 

DEB 

mm 

EBB 

EBB 

O' 13 0 

a - 0.2 


HD 

cr ■=■ 0. 8 

SSI 

-2.0 

-0. 0076 

-0.0072 

-0.0069 


-0.0060 


-0. 00 69 

-0.0089 


- 0.0119 

-0. 0132 

-1.8 

-.0066 

-.0060 

-.0655 

-.0047 

-.0039 

-.oo 4 o 

-.0046 

-.0069 

-.0093 

-.0109 

-.0125 

-1.6 

-.0036 

-.0027 

-.0019 

-,ooo 4 

.0012 

.0016 

.0013 

-.0012 

-.0045 

-. 0066 

-.0090 

- 1.4 

.0009 

.0022 

.0035 

.0059 

.0090 

.0103 

.0107 

.0086 

.0046 

.0017 

-.0017 

-1.2 

.0074 

.0092 

.0111 

.0149 

.0202 

.0233 

.0253 

.0250 

.0208 

.0171 

.0123 

-1.0 

.0160 

.0187 

.0213 

.0269 

.0358 

.0419 

.0474 

.0520 

.0495 

.0456 

.0393 

-.8 

.0272 

.0308 

.0345 

.0425 

.0567 

.0677 

.0794 

.0957 

.1004 

.0984 

.0920 


.0411 

.0457 

.0507 

.0620 

.0834 

.1018 

.1243 

.1651 

.1911 

.1993 

.2001 

-.4 

.0572 

.0630 

.0695 

.0847 

.1157 

.1447 

.1836 

.2699 

.3501 

.3941 

.4329 

-.2 

.0766 

a , 0821 

a . 09 O 3 

.1106 

.1526 

.1951 

.2566 

.4147 

a . 6 ll 4 

a . 7602 

.9397 

0 

.0941 

.1027 

.1 126 

.1372 

.1924 

.2500 

.3380 

.5917 

.9612 

1.2913 

1.8262 

.2 

.1116 

a .1233 

a . 1349 

.1638 

.2321 

.3049 

.4195 

.7687 

* 1.3110 

a 1.8224 

2.7126 

.4 

.1310 

.1425 

.1558 

.1897 

.2690 

.3553 

.4924 

.9135 

1.5722 

2.1886 

3.2194 

.6 

.1470 

.1597 

.1745 

.2124 

.3013 

.3982 

.5517 

1.0184 

1.7312 

2.3833 

3.4522 

.8 

.1609 

.1747 

.1908 

.2318 

.3280 

.4323 

.5966 

1.0877 

1.8219 

2.4842 

3.5603 

1.0 

.1721 

.1868 

.2039 

.2475 

.3489 

.4581 

.6287 

1.1314 

1.8728 

2.5371 

3.6130 

1.2 

.1808 

.1962 

.2141 

.2595 

.3645 

.4767 

• 6507 

1.1584 

1.9015 

2.5655 

3.6400 

1.4 

.1872 

.2032 

.2217 

.2684 

■ 3758 

.4397 

. 6654 

1.1749 

1.9177 

2.5809 

3.6540 

1.6 

.1918 

.2082 

.2271 

.2747 

.3835 

.4984 

.6748 

1 . 1847 

1.9268 

2.5892 

3.6613 

1.8 

.1948 

.2115 

.2307 

.2790 

.3887 

.5040 

.6807 

1.1903 

1.9317 

2.5935 

3.6648 

2.0 

.1958 

.2127 

.2321 

.2807 

.3907 

.5062 

.6829 

1.1923 

1 . 9331 

2.5946 

3.6655 


Values determined by Lagrange's interpolation formula because of slov convergence of equation (7). 



















TABLE I.- BOUHDARY- TTOUCEIi-tlPWASH FACTOR F - Concluded 


(e) T) = 0.9 


1 






F 






0 = -0.9 

CO 

• 

0 

1 

a 

t> 

0 = -0.7 

a = -0.5 

0 = —0 . 2 

a = 0 

0 = 0.2 

0 = 0.5 

0 ** 0.7 

o’ 0*8 

0 = 0.9 

-2.0 

-0.0081 

-0.0079 

-0.0076 

-0.0074 

-0.0074 

-0.0079 

-0.0088 

-0.0111 

-0.0132 

-0.0143 

-0.0156 

-1.8 

-.0073 

-.0069 

-.0066 

-.0061 

-.0058 

-.0062 

-.0071 

-.0098 

-.0125 

-.oi4i 

-.0159 

-1.6 

-.0048 

-.0042 

-.0036 

-,0025 

-.0015 

-.0015 

-.0022 


- _ OOQO 

m 13 

^ m qo 

-1.4 

-.0011 

-.0001 

.0009 

.0028 

.0051 

.0060 

.0059 

.0029 

-.0017 

-.0050 

-.0088 

-1.2 

.0043 

.0058 

.0074 

.0105 

.0150 

.0176 

.0192 

.0177 

.0123 

.0079 

.0023 

-1.0 

.0116 

.0138 

.0160 

.0210 

.0291 

.0348 

.0400 

.0436 

.0393 

.0338 

.0257 

-.8 

.0209 

.0240 

.0272 

.0346 

.0483 

.0594 

.0718 

.0890 

.0920 

.0875 

.0770 

-.6 

.0325 

.0366 

.0411 

.0518 

.0734 

.0932 

.1190 

.1689 

.2001 

.2066 

.1997 

-.4 

.0465 

.0511 

.0572 

.0719 

.1044 

.1373 

.1854 

.3068 

.4329 

.5006 

.5476 

-.2 

a .o6i6 

a . 0672 

.0766 

.0939 

.1397 

.1908 

.2726 

.5280 

.9397 

a l.4490 

a 2. 5968 

0 

.0763 

.0845 

. . 0941 

, 1189 

• 1795 

.2500 

.3718 

.8264 

1.8262 

3.1888 

6.9252 

.2 

a .0910 

a . 1018 

.1116 

.1439 

.2194 

.3092 

.4710 

1.1249 

2.7126 

®4. 9286 

a 11.2536 

.4 

.1061 

.1179 

.1310 

.1659 

.2547 

.3627 

.5582 

1.3461 

3.2194 

5.8770 

13.3028 

.6 

.1201 

.1324 

. 1470 

.i860 

.2857 

.4068 

. 6246 

1.4840 

3.4522 

6.1710 

13.6507 

.8 

.1317 

.1451 

.1609 

.2032 

.3108 

.4406 

.6718 

1.5639 

- 3.5603 

6.2901 

13.7734 

1.0 

.1411 

. 1553 

.1721 

. 2169 

.3300 

.4652 

.7036 

1.6093 

3. 6130 

6. 3437 

13.8247 

1.2 

.1483 

.1632 

.1808 

.2273 

.3441 

.4824 

.7244 

1.6352 

3.6400 

6. 3696 

13.8482 

1.4 

.1537 

.1691 

.1872 

.2350 

.3539 

.4940 

.7377 

1.6499 

3.6540 

6. 3825 

13.8592 

1.6 

.1575 

.1732 

.1918 

.2403 

.3606 

• 5015 

.7458 

1.6582 

3.6613 

6. 3889 

13.8643 

1.8 

.1600 

.1760 

.1948 

.2439 

.3649 

.5062 

.7507 

l. 6627 

3.6648 

6.3917 

13.8663 

2.0 

.1608 

.1769 

.1958 

.2452 

.3665 

.5079 

.7524 

1.6640 

3.6655 

6. 3919 

13.8660 


Values determined by Lagrange’s Interpolation formula because of slow convergence of equation (7). 
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TABLE IX.- VALDES OF T AT POINTS (S,T)) DDE TO 
1MFINITESIHAL LIFTING ELHCTTS LOCATED 
AT POINTS (0,±ff) 




0 

.1971 
.3831 
.5 466 
.6828 
• 7908 

.872* 
■ 9319 
.973* 
1 . 001 * 
1.0135 


0 

.1996 
.3861 
.5502 
.6865 
.79*1 
.8753 
• 93*1 
-9751 

1.0026 

1.0145 


0 

.2081 

-4oi4 

.5691 

-7059 
.8117 
.8900 
• 9*57 
.9838 
1.0090 
1.0195 


0 

.2195 

.4211 

.5926 

.7293 

.8325 

.9070 

.9588 

.9936 

1.0159 

1.02*9 


0 

.2370 

.4508 

.6271 

. 7&4 

.8609 

.9296 

.9759 

1.0060 

1.02*7 

1.0316 


0 

.1996 

.3861 

.5502 

.6865 

• 7941 
.8753 

• 93*1 

• 9751 

1.0026 

1.0145 


0 

.2030 

.3899 

•55*7 

.6911 

.7982 

.8786 

.9366 

.9769 

1.0038 

1.0154 



0 

.2285 
.4356 
.608* 
.7433 
.8431 
.9141 
.9630 
• 995* 
r.0161 
1.0243 


.47*4 

.6512 

.7822 

.87*7 

.9379 

.9799 

1.0068 

1.023* 

1.0294 


0 

.2081 
.4oi4 
.5691 
.7059 
.8117 
.8900 
• 9*57 

.9838 

1.0090 

1.0195 


0 

.2063 

.4ioo 

.5788 

.7149 

.8191 

.8954 

• 9493 

• 9859 

1.0099 

1.0198 


0 

.2417 
.4559 
.6296 
.7609 
.8553 
.9210 
.9655 
• 99*8 
1.0134 

1.0208 


0 

.2793 

.5135 

.6885 

.8103 

.8918 

.9453 

.9801 

1.0022 

1.0158 

1.0208 


0 

.3421 
■ 599* 

.7 666 
.8692 
.9317 
.9702 
.9939 
1.0083 
1.0168 
1.0195 


0 

.2195 
.*211 
.5926 
• 7293 
.8325 
.9070 
.9588 
.9936 
1.0159 
1.02*9 


0 

.2285 
.4356 
.6084 
.7*33 
.8*31 
.91*1 
.9630 
• 995* 
I.0161 
1.02*3 


0 

-2793 
• 5135 
.6885 
.8103 
.8918 
.9*53 
.9801 
1.0022 
1.0158 

1.0208 


0 

.3*66 

.6092 

.77*8 

.87*4 

.93*0 

• 9703 

• 9925 
1.0059' 
1.0139' 
1.0165 


0 

.*707 

.7*48 

.874* 
• 9379 
.9712 
.9897 
1.0004 
1.0066 
1.0100 
1.0108 


0 

.2272 

.434* 

.6083 

• 7**5 
.8*57 
.9176 

.9669 

• 9995 
1.0201 
1.0281 


0 

.2362 

.*530 
.6280 
.7613 
.8580 
-9255 
• 9711 

1.0009 

1.0197 

1.0268 



1.0165 

1.020* 


0 

.3957 

.6721 

.8242 

.9073 

.9539 

.9811 

.9972 

1.0067 

1.0121 

1.0138 


0 

.5368 

.8315 

.9257 

.9660 

.9855 

.9958 

1.0015 

1.0047 

1.0064 

1.0068 


0 

.2370 

.*508 

.6271 

.7624 

.8609 

.9296 

.9759 

1.0060 

1.02*7 

1.0316 


0 

.2522 

.47*4 

.6512 

.7822 

.87*7 

• 9379 

• 9799 

1.0068 
1.023* 
1.029* 


0 

.3*21 

-599* 

.7666 

.8692 

.9317 

.9702 

.9939 

1.0083 

1.0168 

1.0195 


0 

.4707 

.7*48 

.87** 

.9379 

.9712 

-9897 

1 . 000 * 

1.0066 

1.0100 

1.0108 


0 

.6203 
.9151 
.9668 
.9860 
.99*7 
• 9991 
1.001* 

1.0027 
1.0033 
1.003* 
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TABLE in.- COHSTAHTS USED Iff COMPUTATIONS FOR 


ILLUSTRATIVE EXAMPLE 


0 = 1.00 


tan A 0.50 = tan A 0 " r (1 - X) = °*5251 


tan A 0. 7 5 = *“^ 0 . 50 . " 25 (1 - X) = °-® 377 


tan(A Q T5 ) = tan to 0 = 0.8391 


x = 0.383 


— = 0. 142 
2b 


Xf. = 0.625 


■—^7 = 2.396 

2c* 


^max 2r 


h = O.656 


% = 1.095 


(W) t = = °- 23 9 


~ = 0. 186 

2r 


a~ O.O 587 (from equation (5*0) 


— = 0.787 v 


a’ 0.0544 (from equation (55)) 


0.0188 


tan Aq = 1.0999 


0.0268 


tan Aq^ = tan Aq - gg (1 - X) = 1.0125 



3 6 
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TABLE IV.- BEEEBMEHATICIN OF HUJ0CED-UFWA8H FACTOR FOR ILLUSTRATIVE EXAMPLE 
[p = 1.0; values of F obtained from figure <0 


b 

<6 
2s b 
b 2r 

I = 0 

T1 = 0.2 

T) = 0. 5 

n = 0.7 

isa 

i 

(1) 

F 

i 

(1) 

F 

■ 

F 

i 

(1) 

F 

5 

(1) 

F 

F 

^a.25 

< 

[ t “ J \>.2 5 - 1 - 01 ®l 

0.9239 

.7071 

•3827 

0 

-.3827 

-7071 

-.9239 

0.606 

.164 

.251 

0 

-.251 

-.464 

-.606 

-0.6l4 

-.470 

-.254 

0 

-.254 

-.470 

-.614 

0.102 
.135 
.187 
.250 
.187 
• 135 
.102 

-o.4n 

-.267 

-.052 

.203 

-.052 

-.267 

-.411 

0.177 

.215 

.262 

.300 

.214 

.155 

.118 

-0.107 

.036 

.252 

.506 

.252 

.036 

-.107 

0.435 
.440 
.420 
• 372 
.244 
.171 
.132 

0.095 

.239 

.455 

.709 

.455 

.239 

.095 

0.870 
■ 730 
.560 
.418 
.259 
.175 
.134 

1 

1 

*0.75 

§£ “ 0 - l&t tan A 0 75 = 0.8377] 


0.9239 

.7071 

.3827 

0 

— 3827 

-.7071 

-9239 

0.606 

.464 

.251 

0 

-.251 

-.464 

-.606 

-0.428 
-.284 
-.068 
.186 
■ -.068 
-.284 
-.428 

0.145 
.178 
.235 
.295 
■ 235 
.178 
.145 

-0.260 

.116 

.099 

.353 

.099 

-.116 

-.262 

0.227 

.265 

.305 

.335 

.248 

.185 

.147 

-0.009 

•135 

-351 

.605 

-351 

.135 

-.009 

0.510 
.500 
.455 
• 392 

.263 

.187 

.146 

0.159 

.302 

.518 

.772 

.518 

.302 

.159 

0.950 

-790 

.580 

.425 

.268 

.184 

.142 



F t 

J|s.= 0.787; tan^A 0>75 ^ = O.8391] 


0.9239 

.7071 

.3827 

0 

-.3827 

-7071 

-.9239 

0.606 

.464 

.251 

0 

-.251 

-.464 

-.606 

0.173 

.317 

.533 

.787 

.533 

.317 

.173 

0.297 
.330 
.375 
.418 
.375 
• 330 
.297 

0.341 

.485 

.701 

.955 

.701 

.485 

.341 

0.447 
.454 
.454 
.443 
.367 
.305 
.2 66 

0.593 
•737 
• 953 
1.207 
•953 
•737 
•593 

0.860 
.738 
• 594 
.469 
.349 
.270 
.226 






1]?or p o.25> 5 - - l ff l> tanA 0 .25]* 


f°r F a?5 , I = 1(|£+ 1» tanA 0.75 - H tanA 0.25) ; 


-lil 

p r 


+ i) tan^ 0>75 ) t 


f cr | tan A 



for F t , 5 














































TABLE V. - CALCULATION OP INDOC ED-ANGLE DISTRIBUTION ALONG CNE-QUAHTER - CHORD LINE OP WING 


i 

i 


FOR ILLUSTRATITE EXAMPLE, SYMMETRICAL LIFT DISTRIBUTION (EQUATION (26a)) 


8 

4jtt^ 


0,0268; 


w 


= 0.656 


6 


© 

El 

© 

® , 

© 

© 

© 

© 

<D, 

© 


© 

© 

© 

2s/tt 

1 

¥ + P 

+a - a 

(tattle IV) 

C Z C 

C L S 

(fig. 6) 

<D x (D 

T) = 0 

® x ® 
■= 0.2 

(D x ©■ 
i) = 0. 5 

(8 ) x (§) 
T| « 0,7 

© x © 
R ^ 0.9 

Multi- 

plier 

EBB 


t| “ o. 5 

n = 0.7 

R ■> 0.9 

0.9239 

.7071 

.3327 

0 

0.606 

.464 

.251 

0 

0.204 

.270 
.374 
• 500 

0.295 

.370 

.476 

,600 

0.567 

.611 

.664 

.744 

i.oo4 

.905 

.819 

.836 


0.607 

.974 

1.143 

1.111 

0.1238 

.2630 

,4275 

.5555 

0.1791 

.3604 

.5441 

.6666 

0.3442 

.5951 

.7590 

.8266 

0.6094 

.8815 

.9361 

.9288 


0.20037 

.18512 

.48374 

.13090 




0 


(21 © x (D 

J 1 © x ©) ( Q k*J) 


u/lmai 


.2 

• 5 



0.0095 

.0121 

.0175 

.0230 


.305 

.762 

1.067 


Plot 



against 


^Vax* 


HACA TR 2 k 5 k 









U) 

CD 


TABLE VI. - CAICULATIOH OF THTOCED-AJfOLE DI8TRIEUTI0H AIONQ THREE-QJIARTEH -CHORD LINE 0? WING 


FOR ILLUSTRATIVE EXAMPLE, BMCEtCRICAL LIFT DIOTRIBCWIC® (EQUATION (26a)) 


-i- - 0.0268; ti a 0.656 
Kxx 2 


© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

© 

2s/b 

a 

F + a + ? -0 
(table IV) 

C^C 

°L C 

(fig. 6) 

(D x (3) 

TJ =■ 0 

® x ® 
■q = 0.2 

® x © 
n - 0.5 

® X © 

1 n 0.7 

(D x © 
i) = 0.9 

Multi- 

plier 

11 - 0 

11 * 0.2 

*1 = 0.5 

11 “ 0.7 

il « 0.9 

0.9239 

.7071 

.3827 

0 

O.606 

.464 

.251 

0 

0.290 

.356 

.V70 

.590 

0-374 

.450 

.553 

.670 

0.656 

.687 

.718 

.784 

1.092 

.97* 

.81+8 

.850 


0.607 
• 974 
1.143 
1.111 

0.1760 
• 3467 
-.3372 
.6553 

0.2270 

.4383 

.6321 

.7444 

0.3982 

.6691 

.8207 

.8710 

0.6628 
• 9487 
.9693 
.9444 


0.20037 

.18512 

.48374 

.13090 


il 

Q 

(Z© x (§) 

to 

X© X ©) 

(*1,5 

(•£>) 

n/Wr 

0 

0.4451 

0.0119 

0 

.2 

.5298 

.0142 

.305 

• 5 

.7147 

.0192 

.762 
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SUABLE VII.- CALCULATION OF HCXJC ED-A1JGLE DI3THZBUTIOT AIONG TERES- QUARTER- CHORD LINE OF TAIL, 

sajMEmcAi lift distribution (equation (26a) ) 
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TABLE Virt, - CALCULATION 0? IKDOCm-AHOLE DISTRIBUTION ALONG ONE- QUARTER-CHORD LINE 0? WHIG, 
AWT I BIHUSERICAL LOT? DISTRIBUTION (EQUATION ( 27 )) 

ij ^2 “ 0,0268; Vox “ O-656J 
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TABLE X. - JET-BOUNDARY CORRECTIONS FOR ANGLE OF ATTACK AND DRAG 

(EQUATIONS ( 29 ) AND ( 30 )) 
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TABLE XI.- JET-BOONDARY CORRECTION FOR WING PITCHING-M 0 M 5 MT COEFFICIENT 

(EQJQATION (36)) 
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TABLE XII.- JET-BOUNDARY CORRECTION TO DOWNWASH ANGLE AND 
ADDITIONAL JRT-BODNDARY CORRECTION FOR PITCHING-MOMENT 
COEFFICIENT FOR WING-PLUS -TAIL CONFIGURATION 
(EQUATIONS (37) and (40)) 

t is assumed equal to l] 
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TABLE SHI. - BOLLINQ-MDMEBT AND IAWING-MOMMT CORRECTIONS 


(EQUATIONS (42) AND (48)) 
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Figure 2.- Continued. 
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Figure 4.- Variation of t along longitudinal center lines of several 
shapes of closed wind tunnels for infinitesimal lifting element 
located at the centers of the tunnels. 
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Figure 5-- Continued. 
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Figure 5.- Concluded. 
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Figure 6.- Variation of spanwise loading coefficient with sweep for various 

aspect ratios and taper ratios. 
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Figure 6.- Continued. 
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Figure 6.- Continued. 
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(d) Fraction of semispan. 
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Figure 6.- Concluded. 










